Quorum sensing is a process by which bacteria communicate by using secreted chemical signaling molecules called autoinducers. Many bacterial species modulate the expression of a wide variety of physiological functions in response to changes in population density by this mechanism. In this study, the opportunistic pathogen Klebsiella pneumoniae was observed to secrete type 2 signaling molecules. A homologue of luxS, the gene required for AI-2 synthesis in Vibrio harveyi, was isolated from the K. pneumoniae genome. A V. harveyi bioassay showed the luxS functionality in K. pneumoniae and its ability to complement the luxS-negative phenotype of Escherichia coli DH5␣. Autoinducer activity was detected in the supernatant, and maximum expression of specific messengers detected by quantitative reverse transcription-PCR analysis occurred during the late exponential phase. The highest levels of AI-2 were observed in minimal medium supplemented with glycerol. To determine the potential role of luxS in colonization processes, a K. pneumoniae luxS isogenic mutant was constructed and tested for its capacity to form biofilms in vitro on an abiotic surface and to colonize the intestinal tract in a murine model. No difference was observed in the level of intestinal colonization between the wild-type strain and the luxS mutant. Microscopic analysis of biofilm structures revealed that the luxS mutant was able to form a mature biofilm but with reduced capacities in the development of microcolonies, mostly in the early steps of biofilm formation. These data suggest that a LuxS-dependent signal plays a role in the early stages of biofilm formation by K. pneumoniae.
Many species of bacteria regulate gene expression through an intercellular communication mechanism called quorum sensing (QS) (17) . QS is a mechanism of cell density-dependent regulation of bacterial gene expression and was first described in the marine luminous bacteria Vibrio fischeri and Vibrio harveyi, which use them to control the expression of bioluminescence (28) . Bacteria synthesize, release, and detect specific small signaling molecules, referred to as autoinducers (AI), which accumulate in the external environment in conjunction with the population growth. When a critical threshold concentration of autoinducer is reached within a population, a signal transduction cascade is triggered, which forms the basis for change in the expression of specific target genes and thereby modifies the bacterial phenotypes.
At present, there are two major independent types of recognized quorum-sensing systems in bacteria. Type I quorum sensing is a highly specific system and is used for intraspecies communication. In gram-negative bacteria, the autoinducers of signal system I (AI-1) have been identified as derivates of an acyl homoserine lactone (acyl-HSL) backbone with speciesspecific substitutions. These molecules diffuse freely in and out of cells. Two genes are crucially involved in quorum sensing through acyl-HSL: the synthesis of acyl-HSL is dependent on luxI, while luxR encodes a transcriptional activator protein that is responsible for the detection of the cognate acyl-HSL and induction of the appropriate output (1, 16) .
Type II QS, most thoroughly characterized for V. harveyi, responds to an autoinducer signal (AI-2) that is produced by LuxS, the luxS product. LuxS converts S-ribosylhomocysteine to 4,5-dihydroxyl-2,3-pentanedione, catalyzing AI-2 formation. The AI-2 molecule produced by V. harveyi is a furanosyl borate diester (7) . In V. harveyi, AI-2 binds to a specific receptor/ sensor complex (LuxP/Q), and subsequent phosphorelay via either LuxU or a LuxU homologue leads to modification of the transcriptional activator LuxO (15) . Many gram-positive and gram-negative bacteria contain highly conserved luxS homologues and produce autoinducer molecules that are functionally similar to V. harveyi AI-2 (41) . The LuxS-dependent quorum-sensing system has been referred to as an interspecies communication system and may operate as a universal quorum system for many bacteria possessing the characteristic luxS gene. Several reports have shown the involvement of this type II QS in the regulation of expression of virulence-related factors, motility, secretion systems, regulatory proteins, and polypeptides involved in the acquisition of hemin (for a review, see reference 41). It was shown that bacterial communication mediated by LuxS is also involved in biofilm formation by Streptococcus gordonii (4) , Streptococcus mutans (26) , and Salmonella enterica serovar Typhimurium (32) .
In their natural environment, bacteria do not exist as isolated cells but grow and survive in organized communities and persist attached to solid surfaces, where they are frequently encased in an exopolysaccharide matrix. These microbial communities, composed of single or multiple bacterial species, are termed biofilms and have become accepted as being the predominant natural life for most bacteria (30) . These groupings of bacteria are associated with a higher level of resistance to antimicrobial agents than planktonic cells (24) . It is now clear that the formation of these sessile communities and their in-herent resistance have an enormous impact on medicine. Biofilms are at the root of several persistent and chronic bacterial infections and form on many medical implants. Moreover, many nosocomial infections are considered to be the consequence of surface contamination of indwelling medical devices (24) or are associated with intestinal colonization (11, 25) .
Klebsiella pneumoniae is an important gram-negative opportunistic pathogen frequently associated with nosocomially acquired infections. This ubiquitous enterobacterium is involved in urinary tract infections, pneumonia, infections of surgical wounds, bacteremia, and septicemia. Whatever the infection site, the first stage of nosocomial infections due to K. pneumoniae consists of colonization of the patient's gastrointestinal tract (11, 25) . K. pneumoniae is characterized by its ability to produce several distinct types of adherence factors and copious amounts of an acid polysaccharide capsule (39) , which allow it to adhere to epithelial cells and form biofilms on abiotic surfaces. Previous studies on gram-negative bacilli established that some quorum-sensing mechanisms are involved in the regulation of diverse factors involved in virulence and biofilm formation, so we looked for comparable regulation in K. pneumoniae. Our study showed that K. pneumoniae possesses a luxS ortholog and synthesizes functional AI-2 molecules. By creating an isogenic luxSdeficient mutant of K. pneumoniae, we were able to determine the role of type II QS in biofilm formation.
MATERIALS AND METHODS
Bacterial strains, plasmid, and growth conditions. The bacterial strains and plasmids used in this study are listed in Table 1 . V. harveyi BB120 strain and its derivates V. harveyi BB886 and V. harveyi BB170 were kindly provided by B. Bassler (Princeton University). All bacterial strains were stored at Ϫ20°C in appropriate media containing 15% glycerol. Luria-Bertani (LB) broth, 2% glycerol AB medium (3), brain heart infusion broth (BHI), and Dulbecco's modified Eagle's medium (DMEM) were used for the experiments. Biofilm assays were performed in 0.4% glucose M63B1 minimal medium at 37°C. Antibiotics were added to the media for the appropriate bacterial strains at the following concentrations: ampicillin, 50 g ⅐ ml Ϫ1 ; kanamycin, 50 g ⅐ ml Ϫ1 ; gentamicin, 50 g ⅐ ml Ϫ1 ; chloramphenicol, 50 g ⅐ ml Ϫ1 ; streptomycin, 50 g ⅐ ml Ϫ1 ; tetracycline, 20 g ⅐ ml Ϫ1 .
Conjugative plasmid pKNG101 contains the sacB gene of Bacillus subtilis as a positive selection marker. Plasmid pKOBEG199 was obtained by blunt subcloning the KpnI-HindIII fragment containing the Red region and araC gene of pKOBEG (6) at the ScaI site of pBR322. Determination of AI-1 activity; TLC. Reverse-phase chromatography was used to examine K. pneumoniae acyl-HSL production. Extracts were prepared from a 5-ml culture of K. pneumoniae LM21 and Pseudomonas aeruginosa PAO-I and PAO-RI. K. pneumoniae LM21 and the P. aeruginosa strains were grown overnight in AB medium, 0.4% glucose A medium, and 0.4% mannitol AB medium, respectively. Extraction of culture supernatants and analytical thin-layer chromatography (TLC) were realized as described by Shaw et al. (33) .
Determination of AI-2 activity; V. harveyi bioluminescence assay. Relative levels of AI-2 in cell-free culture fluids of K. pneumoniae LM21, V. harveyi, and Escherichia coli DH5␣ strains were measured by using a V. harveyi bioluminescence assay, as described previously (2, 3, 35) . Briefly, cell-free supernatants were prepared as follows. V. harveyi strain BB120 was grown in AB medium overnight at 30°C with aeration. K. pneumoniae LM21 and E. coli DH5␣ strains were cultured in AB medium at 30°C with aeration, and growth was monitored by readings of optical density at 620 nm (OD 620 ). After the appropriate incubation period, bacterial cells were removed by centrifugation and the resulting supernatant was subsequently filter sterilized through a 0.22-mm-pore-size filter (Millipore). The cell-free supernatants were either used immediately or stored frozen at Ϫ20°C.
The luminescent reporter strain V. harveyi BB170 (sensor 1 Ϫ , sensor 2 ϩ ) was grown for 18 h at 30°C with aeration in AB medium and diluted 1:5,000 into fresh AB medium. The cell-free supernatants (20 l) were added to the diluted BB170 cells (180 l) at a 10% (vol/vol) final concentration in hemolysis tubes, which were then shaken at 30°C for 3 h. To determine levels of background luminescence, a sample containing 180 l of V. harveyi BB170 (dilution, 1:5,000) and 20 l of sterile AB medium was also included. Positive and negative control samples were obtained by adding cell-free supernatant from V. harveyi BB120 and E. coli DH5␣, respectively, to a final concentration of 10%.
After the incubation period, the resulting light production of each sample was measured by a luminometer (Sirius; Berthold). AI-2 activity was expressed as arbitrary luminescence units or as a percentage of bioluminescence induction of the V. harveyi BB170 reporter strain compared to the positive control (V. harveyi BB120). Induction values were obtained by dividing the relative light unit values obtained from the experimental samples by the background values (sterile culture medium).
DNA manipulation and PCRs. Restriction enzymes, Taq DNA polymerase, and TaKaRa LA Taq were purchased from Roche Molecular Biochemicals (Rotkreuz, Switzerland), QBiogene (Illkirch, France), and Cambrex Compagny (Emerainville, France), respectively, and used according to the manufacturers' recommendations. PCRs were performed by using a Perkin-Elmer GeneAmp PCR system 2400 thermal cycler as reported in Table 2 .
RNA manipulations, real-time RT-PCR. Total RNA was extracted from bacteria as described by Gosink et al. (19) and treated twice with DNase I (Roche Diagnostics) to remove any contaminating genomic DNA. Total RNA was reverse transcribed and amplified by using primers specific to luxS mRNA (RT-luxS-5Ј-RTluxS-3Ј) and 16S rRNA (RNA 16S 1-RNA 16S 2) ( Table 2 ). Amplification of a single expected product was confirmed by melting curve analysis and electrophoresis on 2% agarose gels. Real-time reverse transcription-PCR (RT-PCR) was performed by using a LightCycler (Roche Diagnostics). Quantification of luxS mRNA levels or 16S rRNA (endogenous control) was done by using RNA master SYBR Green I (Roche Diagnostics) with 0.5 g of total RNA.
Cloning and analyses of the K. pneumoniae LM21 luxS gene. Primer sequences (luxS-5Ј, luxS-3Ј, and luxS-int) were designed on the basis of the nucleic K. pneumoniae MGH 78578 sequence information available on the National Center for Biotechnology Information (NCBI) database. A 1,464-bp region was amplified from the genomic DNA of K. pneumoniae LM21 with the primers luxS-5Ј and luxS-3Ј ( Table 2 ). The resulting fragment was sequenced with primers luxS-3Ј and luxS-int. The reconstituted 1,235-nucleotide (nt) sequence containing a putative K. pneumoniae LM21 luxS open reading frame (ORF) was investigated for homologies with the NCBI BLAST, version 2.0, algorithm.
Construction and analysis of a K. pneumoniae LM21 ⌬luxS mutant. For functional analysis, a luxS deletion mutant strain was created by allelic exchange. The basic strategy was to replace a chromosomal sequence with a selectable antibiotic resistance gene (kanamycin) generated by a two-step PCR procedure. A 977-bp kanamycin cassette PCR product was generated with primers A2 GBL-3Ј and B2 GBLnp-5Ј (Table 2 ) and the template E. coli CH158 strain harboring the kanamycin resistance gene. The K. pneumoniae LM21 DNA was used as a template to amplify the 611-and 697-bp regions flanking, respectively, the 5Ј upstream and the 3Ј end of luxS with primer pairs luxS-A1-5Ј-luxS-A2 GBL-3Ј and luxS-B1-3Ј-luxS-B2 GBLnp-5Ј (Table 2) . At their 5Ј ends, primers luxS-A2 GBL-3Ј and luxS-B2 gblnp-5Ј contained, respectively, a 24-and a 21-bp region homologous to the extremities of the kanamycin cassette. After purification with the QIAquick PCR purification kit (QIAGEN) and quantification, the three resulting amplified fragments were then used for the second step of amplification with primers luxS-A1-5Ј and luxS-B1-3Ј. One hundred nanograms of each fragment was mixed and used as a template to generate a 2,240-bp DNA luxS::Km fragment. The amplicon luxS::Km fragment was purified, ligated into the TOPO TA cloning vector (Invitrogen), and electrotransformed in E. coli JM109. This recombinant plasmid, pCR-lux⌬Km, was then XbaI and BamHI restricted, and the kanamycin cassette-containing fragment was subcloned into the corresponding sites in the nonreplicative vector pKNG101 to yield pDB-lux⌬Km. The plasmid construct was then transformed into the donor strain E. coli S17 for further conjugal a Boldface characters: luxS-B2 GBLnp-5Ј and luxS-A2 GBL-3Ј, homologous, respectively, to the 3Ј and 5Ј end regions of the kanamycin cassette; SHV-1 gfp-5Ј and SHV-1gfp-3Ј, homologous, respectively, to the 5Ј and 3Ј end regions of the cat-gfpmut3 cassette.
transfer into K. pneumoniae LM21. After overnight incubation on LB plates, mating mixtures were plated on LB agar containing kanamycin. Km r colonies were then replicated on LB agar containing kanamycin and 5% sucrose to identify isolates that had lost the sacB-associated vector. The replacement of luxS by the kanamycin resistance cassette in the LM21 ⌬luxS isogenic mutant was confirmed by PCR with primer couples luxS-1-luxS-2 (internal to luxS), luxS-5Ј-luxS-3Ј (hybridizing 715 bp upstream and 189 bp downstream of luxS, respectively), and A2 GBL-3Ј-B2 GBLnp-5Ј (for kanamycin cassette amplification).
Transcomplementation of LM21 ⌬luxS mutant and E. coli DH5␣. A 1,464-bp fragment containing the entire luxS gene under the control of its own putative promoter, as detected by sequence analysis, was amplified from K. pneumoniae LM21 genomic DNA by using luxS-5Ј and luxS-3Ј primers ( Table 2 ). The resulting fragment was cloned into the TOPO TA cloning vector (Invitrogen) and then transformed into E. coli JM109. Purified recombinant plasmid (QIAGEN plasmid mini kit) was EcoRI digested, and the fragment containing luxS was cloned into the pBR322 vector to yield the pBDluxS plasmid. This construct was used to transform the LM21 ⌬luxS isogenic mutant and E. coli DH5␣.
Construction of green fluorescent protein (GFP)-tagged strains. The strains LM21 gfp and LM21 ⌬luxS gfp were constructed by integrating inside the SHV-1 ␤-lactamase-encoding gene (chromosomal ampicillin resistance) a gfpmut3-cat cassette amplified from E. coli strain CH295 (Table 1) by using a procedure previously described by Chaveroche et al. (6) and Derbise et al. (13) . Strain CH295 was a gift from J. M. Ghigo, in which the gfpmut3 gene (10) is inserted at the att site and controlled by the lambda right promoter.
Briefly, a PCR fragment formed of the cat-gfpmut3 cassette flanked by short portions (i.e., ϳ60 bp) of the regions surrounding the SHV-1 gene target sequence was generated using primers SHV-1gfp-5Ј and SHV-1gfp-3Ј (Table 2 ) and a DNA template from E. coli CH295. The resulting PCR product was transformed by electroporation in the pKOBEG199-containing K. pneumoniae strains (Table 1) . Mutants LM21 gfp and LM21 ⌬luxS gfp were selected on LB agar containing chloramphenicol.
Biofilm assay and flow chamber biofilms. We used a slightly modified version of the microtiter plate assay developed by O'Toole and Kolter (31) to quantify early phase biofilm formation. Briefly, 4 l of overnight culture was inoculated into 150 l of DMEM in a 96-well culture-treated polystyrene microtiter plate (Nunc). Wells filled with growth medium alone were included as negative controls. After 4 h of incubation at 37°C, surface-adherent biofilm formation was measured by staining bound cells for 15 min with a 0.5% (wt/vol) aqueous solution of crystal violet. After rinsing with distilled water, the bound dye was released from stained cells by using 95% ethanol and absorbance at 570 nm was determined.
For flow chamber biofilm cultivation, modified FAB medium (20) supplemented with 0.01% glycerol was used. Biofilms were grown at 30°C in flow chambers with individual channel dimensions of 1 by 4 by 40 mm. The flow system was assembled and prepared as described previously (8) . The flow chambers were inoculated by injecting 250 l of overnight culture diluted to an OD 600 of 0.001 into each flow channel with a small syringe. After inoculation, flow channels were left without flow for 1 h, after which medium flow was started by using a Watson Marlow 205S peristaltic pump.
All microscopic observations were done with an LSM510 confocal scanning laser microscope (CSLM; Carl Zeiss, Jena, Germany) equipped with an argon laser and detector and filter sets for monitoring GFP (excitation, 488 nm; emission, 517 nm). Images were obtained by using a 40ϫ/1.3 Plan-Neofluar oil objective. Multichannel simulated fluorescence projection (a shadow projection) images and vertical cross sections were generated using the IMARIS software package (Bitplane AG, Zürich, Switzerland).
For the quantification of the K. pneumoniae wild type and ⌬luxS mutant, three independent flow channels were quantified by acquiring six image stacks randomly down through to each flow channel.
Images were further treated by using COMSTAT (21) .
RESULTS
Production of autoinducer by K. pneumoniae LM21. To investigate whether K. pneumoniae possesses a quorum-sensing system, we looked for autoinducer molecule production. Two assays allowing detection of AI-1 and/or AI-2 were used: a TLC assay and a V. harveyi bioluminescence assay.
To detect acyl-HSL signal molecules (AI-1), supernatant extracts from K. pneumoniae LM21 cultures were tested for their ability to induce ␤-galactosidase activity in the Agrobacterium tumefaciens traG::lacZ/traR reporter plasmid pZLR4 (33) . Figure 1 shows the chromatogram obtained with extracts from strain LM21 and the control strains, P. aeruginosa PAO-1 and P. aeruginosa PAO-RI. As expected, different structures of AI-1 were visible in the P. aeruginosa PAO-1 positive control sample (Fig. 1,  lane 2) and no spot was detected in the lane corresponding to the negative control P. aeruginosa PAO-RI extract (Fig. 1, lane 1) . We were unable to detect the presence of any AI-1-like activity in the strain LM21 extract (Fig. 1, lane 3) , which suggests that K. pneumoniae does not produce any AI-1 detectable with the traG::lacZ/traR reporter system, nor were we able to detect any AI-1 activity in the strain LM21 supernatant with the bioluminescent V. harveyi BB886 reporter strain (data not shown). Moreover, the screening of the partial K. pneumoniae MGH 78578 genome sequence available on the NCBI microbial genome database revealed no protein showing homology with members of the LuxI family of autoinducer synthase. Taken together, these data provide supporting evidence for the lack of AI-1 activity production by K. pneumoniae.
To determine whether strain LM21 had endogenous AI-2 activity, we used the deficient AI-1 sensor V. harveyi BB170 reporter strain (luxN::Tn5, AI-1 sensor Ϫ AI-2 sensor ϩ ) (35) . These BB170 cells were exposed to exogenous cell-free supernatants, and the following induction of bioluminescence was quantified. Since the highest stimulation of light production occurred 3 h after the addition of the cell-free culture supernatants (data not shown), measurements of bioluminescence were all performed after 3 h of incubation at 30°C. It has been reported that AI-2 activity in E. coli and S. enterica serovar Typhimurium is influenced by the presence of certain preferred carbon sources, medium pH, or osmotic pressure (35, 36 ). Thus, we tested cell-free supernatants from strain LM21 grown in four different growth media (AB, LB, BHI, and DMEM) (OD 620 , ϳ1). Samples from AB medium culture induced the greatest luminescence by the reporter strain (more than 90% of that produced by the positive control, the V. harveyi wild-type strain BB120), whereas supernatant from the DMEM culture induced none (Fig. 2) . When the K. pneumoniae strain was grown in LB and BHI media, it produced the signaling factor at a reduced level (35 and 8% of induction over the background level, respectively) compared to culture in AB medium (Fig. 2) . This result showed that strain LM21 produces AI-2-like molecules, maximally in AB medium. Therefore, the following experiments were done by using this medium. To determine the AI-2 production kinetics during growth, cellfree supernatants of strain LM21 collected at different time points on the growth curve were tested in the V. harveyi reporter system. Whatever the extract, induction of the V. harveyi BB170 luciferase operon expression was observed (Fig. 3) , indicating that K. pneumoniae synthesizes AI-2 or AI-2-like molecules. There was an accumulation of signaling molecules during the exponential growth phase, leading to a maximal induction during the early stationary phase (OD 620 of ϳ1).
Identification of a luxS ortholog in K. pneumoniae LM21. The synthesis of type II quorum-sensing molecules is dependent on the product of the luxS gene, which is highly conserved among diverse bacteria. To determine whether K. pneumoniae LM21 harbors a luxS-like gene, the unfinished genomic sequence of K. pneumoniae MGH 78578 was BLAST searched by using the E. coli K-12 MG1655 ygaG (ortholog of luxS gene) and luxS-3Ј were designed to amplify a fragment from strain LM21 genomic DNA containing the luxS-like ORF. The resulting fragment was sequenced, and the 1,235-nt obtained sequence and its translated amino acid sequence were submitted for BLASTN and BLASTP programs, respectively. The nucleotide sequence yielded a high level of identity (99%) with the K. pneumoniae MGH 78578 putative luxS gene, and the translated amino acid sequence showed strong homologies and identities with known LuxS sequences, particularly with LuxS from other gram-negative species. To determine whether the K. pneumoniae luxS ortholog was the ORF responsible for synthesis of AI-2-like molecules, the gene's function was examined by complementing the AI-2 production defect in E. coli DH5␣. We took advantage of the inability of E. coli DH5␣ to synthesize a functional AI-2 molecule, since this laboratory strain fails to produce AI-2 due to a frameshift mutation in the 3Ј portion of the luxS ORF that renders it inactive (37) . To accomplish this, the recombinant plasmid pDBluxS containing the luxS gene (Materials and Methods) was introduced into E.
coli DH5␣, and cell-free supernatant prepared from this recombinant strain was tested for its ability to induce luminescence in V. harveyi BB170. As expected, no bioluminescence induction was observed with the cell-free supernatant from DH5␣ alone, whereas the presence of the luxS-containing plasmid in this strain was sufficient to induce luminescence approximately 70% of that produced by the V. harveyi positive control strain. The data provided evidence that luxS is a critical gene for AI-2 synthesis in strain LM21.
Regulation of luxS expression according to growth phase and medium used. We used RT-PCR to investigate whether the variations of AI-2 activity observed between different media and during the growth was caused by a variation in luxS expression. K. pneumoniae LM21 total RNA was extracted from cultures in different media (LB, AB, DMEM, and BHI medium) at an OD of ϳ1 and from cultures at different points of growth in AB medium. Total RNA was reverse transcribed with specific primers, and the levels of luxS and 16S rRNA (endogenous control) expression were analyzed. Results of RT-PCR experiments are shown in Fig. 4 . Values indicate a relative quantification of luxS mRNA under the different tested conditions relating to the condition with a maximal level, which was normalized at 100%. As shown in Fig. 4A , the mRNA levels of luxS were similar in experiments made with total RNA from different media. This suggests that the difference in medium-dependent AI-2 activity was not due to transcriptional regulation of luxS. In contrast, the copy number of luxS transcripts seems to vary during the growth of strain LM21 (Fig. 4B) . The greatest expression of luxS was observed at an OD of 0.6, which corresponds to the late-exponential growth phase. The transcript levels of luxS were significantly decreased V. harveyi BB120 grown in AB medium was used as a positive control, and the AI-2 activity over the background level of this strain was normalized to 100%. Luminescence induction of experimental samples was expressed as the percent relative to the activity obtained with V. harveyi BB120. Data represent the means and standard errors of the means of the results from four independent experiments. Cell-free supernatants from K. pneumoniae LM21 grown at 30°C in LB, AB, BHI, and DMEM to an OD of ϳ1 were tested for AI-2 activity. Bars: 1, V. harveyi BB120 cell-free supernatant; 2, LB medium; 3, AB medium; 4, BHI medium; 5, DMEM medium. K. pneumoniae AI-2 production occurred in AB and LB medium (induction of ϳ92 and ϳ35%, respectively), whereas no significant production (induction of Ͻ10%) was detectable in BHI and DMEM medium. AB, autoinducer bioassay.
during latency (OD of 0.15) and stationary (OD of 3.0) phases, respectively, 3.4-and 6.4-fold decreased in regard to the condition at an OD of 0.6. This profile was similar to that observed with the AI-2 activity profile.
Construction and phenotypic analysis of a K. pneumoniae LM21 ⌬luxS mutant. To further analyze the role of luxSdependent signaling in K. pneumoniae LM21, we created an isogenic luxS deletion mutant by allelic replacement with a kanamycin resistance cassette. A 416-nt internal fragment of luxS was deleted. The allelic exchange was confirmed by various PCRs as shown in Fig. 5C .
The resulting luxS mutant derived from wild-type strain LM21 was designated LM21 ⌬luxS. Its growth rate was similar to that of the wild type (data not shown). To determine the effect of the mutation on AI-2 synthesis, LM21 ⌬luxS was then compared with the wild-type strain for AI-2 production by using the V. harveyi BB170 bioassay. The cell-free supernatant from the LM21 ⌬luxS mutant did not induce any luminescence in the reporter strain. To restore the AI-2 production, the luxS null mutant was transformed by pDBluxS. The defect in AI-2 activity production was partially restored by the wild-type allele (up to 60% of the wild-type level). In contrast, no induction was observed when the plasmid vector alone was introduced into LM21 ⌬luxS.
Biofilm growth. Our next investigation of the mutant phenotype was to determine if there were any alterations of biofilm development as a result of loss of AI-2 production. The ability of K. pneumoniae to adhere and to form a young biofilm was assessed in a microtiter plate experimental model. The biofilm formed by the luxS defective mutant and the LM21 wild-type strains showed no major noticeable differences between both strains. Optical densities after staining of 4-h-old biofilms were similar (OD of 2.209 Ϯ 0.227 versus OD of 2.220 Ϯ 0.267).
We then determined the three-dimensional structures of the LM21 wild-type and LM21 ⌬luxS biofilms by CSLM with GFPtagged strains. The wild type and the LM21 ⌬luxS mutant were grown as biofilms in flow chambers with glycerol minimal media, and development was investigated by acquiring CSLM micrographs at 6, 16, 24, 40, and 64 h after inoculation (Fig. 6) . After 6 h, there was little or no difference between biofilms of the wild type and the ⌬luxS mutant. Small clusters of cells were initiated at this stage. After 16 and 24 h, the wild-type strain differentiated into a mature (but relatively loose) biofilm exhibiting huge microcolony structures separated by medium-filled channels. At this stage, the ⌬luxS mutant was distributed as a flatter biofilm with single cells spreading out on the substratum mainly from initiated microcolony structures, however, not developed to the same degree as the wild-type biofilm. Streamers from the initiated microcolonies in the ⌬luxS mutant indicated a loose binding between the cells at this stage. After 40 h, there was still a difference in biomass and biofilm structure between the wild type and the ⌬luxS mutant, but they began to resemble each other. After 64 h and during further biofilm growth, the difference between the wild type and the mutant was not pronounced concerning biomass, but there is still a difference in average thickness between the two strains after 64 h. Biomass distribution and average thickness for the mutant and the wild-type strain were compared by quantification with COMSTAT and underlined the description above (Fig. 7) .
DISCUSSION
Quorum-sensing mechanisms are used by numerous species of bacteria to regulate virulence factor expression or phenotypic changes. Bacteria control gene expression on a community-wide scale by producing, secreting, detecting, and responding to extracellular signaling molecules called autoinducers. They accumulate in the environment in proportion to cell density, and two major classes of quorum-sensing molecules have been described for gram-negative bacteria. By far the most intensively investigated family of signal molecules are the derivates of acyl-HSL, the   FIG. 3 . K. pneumoniae LM21 exhibits maximum AI-2 production in late-exponential and early stationary growth phases (OD 620 of ϳ1). The expression of AI-2 activity by K. pneumoniae LM21 (open diamonds) is depicted in relation to the growth of the bacteria in AB medium (filled squares). The cell density was determined by measurement of the OD 620 , and AI-2 activity in bacterial cell-free supernatants was determined by using the V. harveyi reporter strain BB170 as described in Materials and Methods. In this study, we looked for production of type 1 signal molecules by K. pneumoniae LM21 by using two distinct bioassays with A. tumefaciens and V. harveyi reporter strains, respectively. Both of them failed to detect any AI-1-like molecule in K. pneumoniae LM21 culture supernatant. However, this result should be interpreted with caution for several reasons. First, detection is limited to those acyl-HSL to which the reporter strain will respond. Second, the signal must be present at levels detectable by the reporter. Finally, the medium and culture conditions used to grow K. pneumoniae LM21 in this study may not have been optimal for AI-1 production. Likewise, Escherichia and Salmonella species failed to produce detectable levels of acyl-HSL under laboratory growth conditions (27, 38) . The second type of signaling molecule, called AI-2, was first described for V. harveyi and mediates type 2 quorum sensing. A remarkably wide variety of gram-negative and gram-positive bacteria produce AI-2, and many reports have led to the proposal that type 2 quorum sensing is an interspecies communication system and controls an assortment of apparently nichespecific genes (41) . In the present study, we showed that culture supernatants from K. pneumoniae LM21 elicit bioluminescence in the V. harveyi AI-2 reporter system, and sequence analysis allowed us to identify a monocistronic luxS homologue in the K. pneumoniae LM21 genome. The putative LuxS exhibited high degrees of similarity to other LuxS proteins in the NCBI database. The laboratory strain E. coli DH5␣ possesses a luxS gene containing a frameshift mutation in the coding sequence and hence does not produce any AI-2 signaling molecule, and expression of recombinant luxS from various bacterial species restores AI-2 production (37). The putative K. pneumoniae luxS under the control of its own promoter was able to transcomplement the E. coli DH5␣ LuxS defect. We constructed a K. pneumoniae LM21 luxS isogenic deletion mutant. Abolition of its AI-2 production and previous results confirmed the involvement of luxS in quorum-sensing molecule production by K. pneumoniae LM21.
K. pneumoniae LM21 AI-2 production was evaluated in a variety of growth media. It is known that carbohydrate source, osmolarity, and pH are factors that influence signal production and degradation in S. enterica serovar Typhimurium LT2. Signal production is enhanced in nutrient-rich, high-osmolarity, and low-pH conditions, whereas the conditions favoring its degradation are nutrient poor and low osmolarity (36). Bassler et al. (2) considered an autoinducer-like activity as negative if it is less than 10% of the V. harveyi BB120 luminescence stimulation. On this basis, no significant activity was detected with K. pneumoniae LM21 cultivated in DMEM containing 0.45% glucose or in BHI medium. Only a relatively low level of activity was measured from LB culture. The optimal medium for AI-2 production by K. pneumoniae LM21 was the AB minimum medium supplemented with 2% glycerol. These results were particularly puzzling because E. coli and S. enterica serovar Typhimurium do not produce any significant signaling activity in nutrient-poor media and when glycerol is used as a carbon source (35) . Nevertheless, it is known that the regulation of AI-2 production differs between pathogenic and nonpathogenic strains. E. coli O157:H7 strains produce AI-2 at 30 and 37°C with or without glucose, whereas E. coli K-12 strains do not produce AI-2 in the absence of the preferred carbon source (37) . There also exists the possibility that AI-2 is still produced in each medium but that the reporter strain is inhibited by some factors secreted by K. pneumoniae grown under these conditions. The great differences observed in AI-2 activity were not due to a differential transcription rate of luxS, as demonstrated by RT-PCR experiments with total RNA from K. pneumoniae LM21 grown in the different media. Controlled steps in AI-2 biosynthesis or degradation could be involved. Moreover, as in S. enterica serovar Typhimurium LT2, AI-2 may also be subjected to protein-dependent degradation in K. pneumoniae. Hence, environmental conditions may affect the level of these degradation proteins and consequently bring about AI-2 degradation.
The kinetics of AI-2 production by strain LM21 indicated that autoinducer production occurred during exponential growth. Using RT-PCR analysis, we were able to detect a maximal luxS transcription during the exponential growth phase, whereas the amounts of luxS transcripts during latency and stationary phase were 3.4-to 6.4-fold lower, respectively. The correlation between luxS expression and AI-2 activity indicated that the production of AI-2 by K. pneumoniae LM21 is probably partially regulated at the transcriptional level of the luxS gene. Accumulation of autoinducer molecules led to a maximal activity in late-exponential to early stationary phase. This activity in culture fluid was severely reduced by the stationary phase. Surette and Bassler (35) showed that AI-2 production by E. coli K-12 MG1655 and S. enterica serovar Typhi- , which have, respectively, 24 and 21 bp of homology to the 5Ј and 3Ј regions of the kanamycin cassette (hatched boxes), were PCR generated with primer couples luxS-A1-5Ј-luxS-A2 GBL-3Ј and luxS-B2 GBLnp-5Ј-luxS-B1-3Ј, respectively. The kanamycin cassette (black box) was amplified from the E. coli CH158 strain with primer couple A2 GBL-3Ј-B2 GBLnp-5Ј. The three PCR products were submitted to a second amplification with primers luxS-A1-5Ј and luxS-B1-3Ј. This fragment was cloned into the suicide plasmid pKNG101, resulting in pDB-lux⌬Km. (C) PCR amplification product analysis. Amplification products were generated by using primers specific for the intragenic region of the luxS gene (luxS-1-luxS-2) (lanes 1), kanamycin resistance cassette sequence (A2 GBL-3Ј-B2 GBLnp 5Ј) (lanes 2), and to amplify the extragenic region of the luxS gene (luxS-5Ј-luxS-3Ј) (lanes 3). DNA to be amplified was obtained by lysing strains LM21 (lanes a) and LM21-⌬luxS (lanes b). murium LT2 strains is influenced by the growth phase of bacteria with activity production maximal during mid-to late exponential phase, when the cells are actively utilizing glucose in rich media. Subsequently, protein-dependent degradation of the signal occurs by the time the cells reach stationary phase or when the carbohydrate is depleted from the medium (35) . The highest AI-2 activity produced by K. pneumoniae occured at a relatively high bacterial density. In pathogenic microorganisms, quorum sensing allows bacteria to reach a high cell density before virulence determinants are expressed. By doing so, the bacteria are able to make a concerted attack to produce ample virulence factors and to be present in sufficient numbers to overwhelm the host defenses (12) . Quorum sensing plays an important role in adherence and biofilm formation in several bacterial species. Most of the well-characterized examples involved intraspecies quorum sensing. A few studies have reported a connection between LuxS-dependent AI-2 signals and biofilm formation in S. gordonii, S. mutans, S. enterica serovar Typhimurium, and Helicobacter pylori species (4, 9, 26, 32) . Like many bacteria, K. pneumoniae forms characteristic biofilms on abiotic surfaces (unpublished data). To assess the role played by luxS in K. pneumoniae biofilm formation, we tested wild-type and luxSdeficient mutant strains in a microtiter plate bioassay, with a static culture model. The LuxS-deficient strain did not show any major impairment in biofilm formation. This bioassay is very useful for selecting mutants impaired in biofilm formation but is not able to identify mutants with an altered biofilm structure. In the same way, Wen and Burne have used microtiter plate bioassay and concluded that luxS was not involved in biofilm formation by S. mutans (40) . However, microscopic analyses showed that the S. mutans luxS mutant had several altered biofilm phenotypes (26) . In our study, CSLM analyses of biofilms grown in flow chambers indicated a difference in biofilm development between the K. pneumoniae wild type and luxS mutant. The progression of the biofilm formation by strain LM21 mimics other biofilms described in the literature, beginning with individual bacteria adhering to the surface, expansion into microcolonies, and formation of a three-dimensional structures. In the early steps of biofilm development, the luxSdeficient mutant did not mature with the same speed as the wild type. Cells were mainly distributed on the substratum, and microcolonies were not initiated and developing in size to the same degree as the wild-type strain. The attachment and binding ability of the ⌬luxS mutant were reduced compared to the wild type.
Our data suggest that luxS could have a regulatory role for one or more genes related to the early steps of biofilm formation in K. pneumoniae. Several structures (capsule, fimbriae, and lipopolysaccharide) have been implicated in other species (23) . Reverse transcription-PCR experiments showed that the capsular biosynthesis operon and the lipopolysaccharide biosynthesis operon were not regulated by LuxS-mediated quorum sensing (data not shown). Other genes are probably regulated by LuxS signaling during the process of biofilm formation, but they remain to be identified.
It was recently shown that quorum sensing may affect intestinal colonization by Vibrio cholerae through a mechanism that involves a phenotype expressed in biofilm (42) . K. pneumoniae is an opportunist pathogen responsible for nosocomial infections, and gastrointestinal colonization is an integral part of its infection process. However, the ability of the LM21 ⌬luxS to colonize the intestines of mice was the same as that of its parent strain (data not shown), indicating that type 2 quorum sensing was probably not required for these processes. Another hypothesis would be that the ⌬luxS LM21 is able to respond to exogenous signaling molecules released from other commensal flora bacterial species. Stroeher et al. (34) recently showed that after intranasal mouse administration of the Streptococcus pneumoniae wild type and its luxS mutant, both strains were able to establish mucosal colonization. However, the luxS mutant was less able to spread from the nasopharynx to the lungs or the blood. Given that the K. pneumoniae wild-type and luxS mutant strains colonized the intestine at similar densities, the quorum-sensing molecule could also be critical for K. pneumoniae to spread out from the intestine to colonize different sites.
In summary, K. pneumoniae expresses luxS and secretes a signal related to AI-2 of V. harveyi. LuxS-dependent signaling FIG. 7 . COMSTAT analysis of biofilm structures. Diagrams of biomass (A) and average thickness (B) of biofilms of the luxS-deficient mutant (luxS) and the wild-type strain (wt) of K. pneumoniae LM21 were determined by the COMSTAT program at five different time points (6, 16, 24, 40 , and 64 h). Values are means of data from 18 image stacks (6 image stacks from three independent channels). Biomass is measured in cubic micrometers per micrometer squared, and thickness is measured in micrometers. was shown to be greatest in minimal media when bacterial densities were highest. As an opportunist pathogen, K. pneumoniae evolves under various conditions. In an external hostile environment, the bacteria may use their type 2 quorum-sensing mechanism to rapidly produce a highly structured biofilm on abiotic surfaces. We speculate that the ability of K. pneumoniae to produce and detect AI-2 may be an important component of the process by which bacterial resistance and spreading occur in the environment.
